The relationships of genome organization among elongated (rod-shaped and filamentous) plant viruses have been analyzed. Sequences in coding and noncoding regions of barley stripe mosaic virus (BSMV) RNAs 1, 2, and 3 were compared with those of the monopartite RNA genomes of potato virus X (PVX), white clover mosaic virus (WCIMV), and tobacco mosaic virus, the bipartite genome of tobacco rattle virus (TRV), the quadripartite genome of beet necrotic yellow vein virus (BNYVV), and icosahedral tricornaviruses. These plant viruses belong to a supergroup having 5'-capped genomic RNAs. The results suggest that the genomic elements in each BSMV RNA are phylogenetically related to those of different plant RNA viruses. RNA 1 resembles the corresponding RNA 1 of tricornaviruses. The putative proteins encoded in BSMV RNA 2 are related to the products of BNYVV RNA 2, PVX RNA, and WC1MV RNA. Amino acid sequence comparisons suggest that BSMV RNA 3 resembles TRV RNA 1. Also, it can be proposed that in the case of monopartite genomes, as a rule, every gene or block of genes retains phylogenetic relationships that are independent of adjacent genomic elements of the same RNA. Such differential evolution of individual elements of one and the same viral genome implies a prominent role for gene reassortment in the formation of viral genetic systems.
Introduction
Sequencing of the genomes of RNA-containing viruses has offered a wealth of data for comparing amino acid sequences of the proteins they encode. Regions of similarity have been found among virusspecific proteins of viruses heretofore held to be quite remote, such as tobacco mosaic virus (TMV, a tobamovirus), brome mosaic virus (BMV, a bromovirus), alfalfa mosaic virus (A1MV, an ilarvirus), and Sindbis virus (an alphavirus) (Cornelissen and Bol 1984; Haseloff et al. 1984; Kamer and Argos 1984) . It has been proposed that these and related viruses be classified in one supergroup (Goldbach 1986 ). The second supergroup comprises plant como-, poty-, and nepoviruses and animal picornaviruses that also show extensive similarity in the amino acid sequences of a number of proteins and similar gene arrangements Franssen et al. 1984; Allison et al. 1986; Goldbach 1986; Meyer et al. 1986; Domier et al. 1987) . The most distinguishing structural feature of the genomic RNA supergroups is that the 5' end carries a cap in the first supergroup but a covalently linked protein in the second one.
The genome of any virus is a combination of coding sequences (genes) and noncoding regulatory sequences. The data available allow us to estimate the minimal number of functions (genes) essential for replication of (+)RNA plant viruses (in different viruses they can occur in different combinations):
(1) a block of genes (usually not less than two) ensuring synthesis of virus-specific RNAs; (2) gene(s) responsible for the cell-to-cell transport of viral genetic material over the infected plant; and (3) one or more genes coding for the virus coat. Viruses whose RNA is translated into a polyprotein must also have gene(s) for processing protease(s).
It is just this minimal set that is present in the TMV genome: genes for the 126-kd and 183-kd proteins involved in RNA replication, for the 30-kd "transport" protein, and for the coat protein (for review see Palukaitis and Zaitlin 1986) . Functionally analogous genes are distributed among the three genomic components of bromo-, cucumo-, and ilarviruses (Symons 1985) . The bipartite tobacco rattle virus (TRV, a tobravirus) possesses an additional gene coding for a cysteine-rich 16-kd protein of unknown function (Cornelissen et al. 1986 ). The quadripartite beet necrotic yellow vein virus (BNYVV, a furovirus) encodes no protein similar to the transport proteins of the above-mentioned viruses, but BNYVV RNA 2 contains additional open reading frames (ORFs) discussed below (Bouzoubaa et al. 1987 ; Lemaire et al. 1988) .
The main objects of our analysis are two viruses whose genome structure has been studied for quite a few years by our group in cooperation with the groups of K.G. Skryabin and Y.V. Kozlov. These are barley stripe mosaic virus (BSMV), a type member of the hordeivirus group, and potato virus X (PVX), a type member of the potexvirus group. Our aim was to compare the genome organization of hordei-and potexviruses with that of some other plant RNA viruses.
Methods
Amino Acid Sequence Data. Amino acid sequence data were taken from the following papers: BSMV RNA 1 ); BSMV RNA 2 (Gustafson and Armour 1986) ; BSMV RNA 3 Gustafson et al. 1987) ; BNYVV RNA 1 (Bouzoubaa et al. 1987) ; BNYVV RNA 2 (Bouzoubaa et al. 1986 ); TMV (Goelet et al. 1982) ; TRV (Cornelissen et al. 1986; Hamilton et al. 1987) ; tobamoviral coat proteins (Altschuh et al. 1987) ; PVX (Morozov et al. t 987; Krayev et al. 1988) ; WCtMV (Forster et al. 1988) ; TYMV (Morch et al. 1988 ).
Sequence Alignments. Initial similarity searches of the viral noncoat proteins were made with the matrix comparison program DIAGON (Staden 1982) run on a Wicat-S computer. The scoring system for this comparison was based on the observed frequency of substitution of one amino acid for another in a number of protein families (Schwartz and Dayhoff 1978) . Groups of amino acids were: A, S, T, P, and G; N, D, E, and Q; H, R, and K; M, L, I, and V; F, Y, and W. Detailed alignments were made by visual inspection.
Hydrophilicity Prediction. The sequences of the small noncoat proteins were analyzed for hydrophilicity using the method described by Hopp and Woods (1981) . The averaged hydrophilicity values for heptapeptides from n -3 to n + 3 (n > 4) were plotted against n. The prediction of membrane-bound properties of proreins was made by the methods of Eisenberg et al. (1984) and Mohana Rao and Argos (1986) .
Construction of Phylogenetic Trees. Conserved sequences of putative RNA polymerases shown in Fig. 6A were aligned with those of other (+)RNA-containing viruses according to Koonin et al. (1988) . A similarity matrix depending on the pairwise alignment of sequences was calculated using the Dayhoff exchange weights (Schwartz and Dayhoff 1978; Koonin et al. 1988 ). All possible subtrees for four-point conditions were constructed by using the similarity matrix. The final rootless phylogenetic tree consists of the subtrees combined optimally according to the maximum topological similarity principle Yushmanov and Chumakov 1988) .
Results

Similarity between Tricornavirus RNA 1 and the Genomes of BSMV and PVX
Filamentous potexviruses have a monopartite 5'-capped (Sonenberg et al. 1978 ) and 3'-polyadenylated (Morozov et al. 1981 ) genome whose internal genes are expressed through formation of subgenomic RNAs (Guilford and Forster 1986; Dolja et al. 1987) . By now the PVX and WC1MV genomes have been completely sequenced Forster et al. 1988; Krayev et al. 1988) .
Hordeiviruses are the only group of rod-shaped viruses with tripartite genome (for review see Atabekov and Dolja 1986) . BSMV RNAs 2 and 3 and a part of RNA 1 have already been sequenced Gustafson and Armour 1986; Rupasov et al. 1986; Gustafson et al. 1987) . Together with bromo-, cucumo-, and ilarviruses, BSMV may be considered formally a tricornavirus. There are indeed certain similarities among the four groups. BSMV RNAs are capped and, like those ofbromoand cucumoviruses (but unlike those of ilarviruses, for review see Haenni et al. 1982) , carry a 3'-terminal tyrosine-accepting tRNA-like structure Kozlov et al. 1984) . BSMV RNA 1, like RNA 1 of tricornaviruses, codes for one large protein (Dolja et al. 1983b; ). This 120-kd protein of BSMV exhibits similarity (at least in the C-terminal region) with domain 1C of the RNA-replicating 109-kd protein of BMV (Quadt et al. 1988) , with related proteins of other tricornaviruses, tobamoviruses, tobraviruses, and, to a lesser extent, potexviruses and furoviruses (Cornelissen and Bol 1984; Rupasov et al. 1986; Hamilton et al. 1987; Forster et al. 1988; Krayev et al. 1988) (Fig. 1 ). All these proteins belong to the first family of the viral NTP-motif-containing proteins related to the bacterial DNA-helicases (Gorbalenya et al. 1988a,b; Hodgman 1988) .
However, BSMV differs markedly from tricornaviruses in the number and arrangement of other genomic elements. All BSMV RNAs contain an internal poly(A) tract (Agranovsky et al. 1982) directly following the UAA terminator codon of 3'-terminal genes (Gustafson and Armour 1986; Rupasov et al. 1986) . BMV has such a tract only in RNA 3, and (Bouzoubaa et al. 1986 ), the 25-kd protein of PVX (Krayev et al. 1988) , the 26-kd protein of WCIMV (Forster et al. 1988) , and the 58-kd protein of BSMV (Gustafson and Armour 1986) with the putative proteins involved in replication of BNYVV (Bouzoubaa et al. 1987) , PVX (Krayev et al. 1988 ), WC1MV (Forster et al. 1988) , BSMV ), BMV (Symons 1985) , TMV (Palukaitis and Zaitlin 1986), and TRV (Hamilton et al. 1987) . Positions where putative replicases have conserved similarities (Schwartz and Dayhoff 1978) with two or more sequences from the four top lines (including 42-kd BNYVV, 25-kd PVX, 26-kd WC1MV, 58-kd BSMV) are boxed. The amino acid sequence pattern similar to purine nucleotide-binding protein consensus is marked by a dashed overline. Numerals show the numbers of amino acid residues that could not be aligned. Gaps (-) have been introduced in the sequences for maximum alignment. The number in front of the sequences gives the position of its first amino acid in the protein.
there it is localized in the intercistronic region (Ahlquist et al. 1981) .
BSMV RNA 2: Triple Gene Block
On the other hand, in the array of genes, BSMV RNA 2 resembles RNA 2 of BNYVV. As can be seen in Fig. 2 , both RNAs have the coat protein genes at the 5' termini--a situation rare enough among plant viruses. In BNYVV this is followed by five other ORFs (Bouzoubaa et al. 1986 (Bouzoubaa et al. , 1987 and in BSMV by three (Gustafson and Armour 1986) Gustafson and Armour 1986) , and PVX RNA (Krayev et al. 1988) . Counterparts are marked by identical shading.
teins of BNYVV ). These two pairs are similar in the relative location of hydrophobic and hydrophilic amino acid blocks (see Fig.  3 ). An analogous pair of proteins containing membrane-bound segments is encoded in overlapping ORFs (13 kd and 8 kd) of PVX. Moreover, BSMV 14-kd, BNYVV 13-kd, and PVX 13-kd proteins all carry a conserved amino acid block. This hydrophilic block separates two hydrophobic domains (Fig.  3) .
The pairs of genes described are preceded by sequences coding for a 58-kd protein in BSMV RNA 2 (Gustafson and Armour 1986), a 42-kd protein in BNYVV RNA 2 (Bouzoubaa et al. 1986 (Bouzoubaa et al. , 1987 , and a 25-kd protein in PVX RNA (Fig. 2) . As is evident from Fig. 1 , these three proteins contain similar amino acid sequences. These sequences also display relation with the conserved domains of a family of predicted NTP-binding proteins of (+)RNA-containing plant viruses (Gorbalenya et al. 1985 (Gorbalenya et al. , 1988a Dever et al. 1987) . As suggested by Gorbalenya et al. (1988a) , the above-mentioned proteins are the diverged relatives of the polypeptide domains encoded in the same genomic RNA of potexviruses (165-kd PVX and 147-kd WCIMV proteins), RNA 1 of BSMV (120-kd protein), and BNYVV (237-kd protein) (Figs. 1 and 2) . Recently, Gorbalenya et al. (1988c) and Hodgman (1988) have shown that these viral proteins (belonging to the first family of NTPmotif-containing proteins) display a pronounced sequence similarity with the bacterial DNA helicases. It was speculated that these viral proteins may be involved in unwinding of double-stranded replicalive forms during genomic RNA replication. In this case, predicted NTP-binding proteins encoded by the triple gene block could represent the subunits of
Comparison of the CapsM Proteins of BSMV and PVX with Other Viral Coat Proteins
Analysis of the amino acid sequences coded for by the 5'-terminal coat protein genes of BSMV and BNYVV reveals common motifs (Fig. 4) . Similar motifs are found in the coat proteins of three other rod-shaped viruses: TMV, sunhemp mosaic virus (SHMV, a tobamovirus), and TRV. Interestingly, the corresponding genes in these latter viruses are located at the 3' end of TMV RNA (Fig. 5 ) and SHMV RNA (Meshi et al. 1981; Palukaitis and Zaitlin 1986 ) and on a separate nucleic acid, RNA 2, of TRV (Harrison and Robinson 1986) .
The amino acid sequence of the PVX coat protein bears no appreciable similarity with those of BSMV, BNYVV, TMV, or TRV; it shows, however, obvious similarity with the coat protein sequences of a number of filamentous potyviruses . It should be emphasized that despite similar particle morphology, potyviruses and potexviruses belong to different supergroups of RNA-conraining viruses (see Introduction). In potyviruses the genome structure and mode of its expression are quite distinct from those of PVX, BSMV, or BNYVV (Allison et al. 1986; Domier et al. 1987) .
BSMV RNA 3: Putative RNA-Polymerase Gene
The dicistronic RNA 3 of BSMV has yet no direct analogy among plant viruses in the number and arrangement of genes. Nevertheless, the proteins it codes for exhibit significant similarity with two out of four proteins encoded in RNA 1 of the bipartite TRV. Among putative polymerases of the plant Sindbis-like viruses (Goldbach 1986; Koonin et al. 1988) , BSMV RNA polymerase, whose gene is located in the 5'-proximal part of RNA 3 Gustafson et al. 1987) , shows the greatest similarity with the putative TRV polymerase (the C-terminal region of the 194-kd protein encoded in RNA 1) (see Figs. 5 and 6A ). This conclusion is confirmed illustratively by a phylogenetic rootless tree constructed using the aligned amino acid sequences shown in Fig. 6A and the sequences of other putative viral RNA polymerases (Fig. 6B) . This dendrogram representing phylogenetic relationships BSMV 17K Fig. 3 . Comparison of the hydrophilicity profiles of the putative membrane-bound proteins ofBNYVV, BSMV, and PVX according to the method of Hopp and Woods (1981) . Regions with a net hydrophobicity appear below the horizontal center line, and regions with a net hydrophilicity appear above the center line. Filled circles indicate positions for conserved hydrophilic amino acid blocks. Filled boxes are below positions for conserved hydrophobic segments ). Comparison of the best-conserved amino acid sequences within the coat proteins of tobamoviruses (TMV, SHMV), TRV, BSMV, and BNYVV (Bouzoubaa et al. 1986; Cornelissen et al. 1986; Gustafson and Armour 1986; Altschuh et al. 1987) . The number in front of a sequence block gives the position within the protein of the first amino acid of this block. Residues predicted to be involved in the intrasubunit salt bridge (see Altschuh et al. 1987) Cornelissen et al, 1986; Hamilton et al. 1987) , and BSMV RNA 3 Gustafson et al. 1987) . Proteins containing similarities are marked by identical shading.
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among the proteins of the capped supergroup RNA plant viruses was created in accordance with the maximum topological similarity principle of Yushmanov and Chumakov (1988) . It is important to note that similarity between polymerase proteins encoded in BSMV RNA 3 and BNYVV RNA 1 is much less pronounced (Fig. 6 ) in spite of the clear relations in gene organization and the sequences of a number of other proteins between these viruses (see above). The deduced phylogenetic tree revealed a significant divergence of the potexviruses from the other capped plant RNA viruses (Fig. 6B) . Surprisingly, comparison of the PVX putative polymerase domain and the corresponding region of the 206-kd protein of turnip yellow mosaic virus (TYMV--a type member of spherical tymoviruses) whose RNA sequence was recently determined (Morch et al. 1988) leads to the conclusion that these viral polymerase proteins are quite closely related (Fig. 6) . Thus, the gene coding for the putative RNA polymerase in the potexvirus and the tymovirus monopartite genomes retains phylogenetic relationships that are independent of adjacent genomic elements of the same RNA because PVX and TYMV capsid proteins are unrelated and the above-mentioned conserved triple block of genes is not found in the TYMV genome.
BSMV RNA 3: Cysteine-Rich Protein Gene
The 17-kd protein encoded in the 3'-terminal region of BSMV RNA 3 (Dolja et al. 1983a; Gustafson et al. 1987 ) resembles the 16-kd protein ofTRV (Cornelissen et al. 1986 ) as well as the 14-kd protein of BNYVV (Bouzoubaa et al. 1986 ): all these proteins contain 6-8% cysteine residues dispersed along the polypeptide chain. The hypothetical cysteine-rich proteins of the three viruses are encoded in the 3'-terminal regions of different genomic RNAs: TRY RNA 1, BNYVV RNA 2, and BSMV RNA 3. Comparative analyses of the cysteine-rich protein sequences reveal obvious relationships between these proteins and the proteins having metal-binding nucleic acid-binding domains (Fig. 7) . The metal-binding "fingers" involve two cysteines separated by 5-25 residues from a brace of closely spaced histidines and/or cysteines (K_lug and Rhodes 1987) (Fig. 7) . However, the identification of the above-mentioned proteins as metalbinding proteins is rather questionable with respect to the recent experimentally based conclusion of Freedman et al. (1988) : "Certainly the mere presence of appropriately placed cysteins or histidines should not suffice to identify zinc finger proteins."
Between the 194-kd and 16-kd protein genes of TRV there is a gene for a 29-kd protein similar to the 30-kd transport protein ofTMV (Boccara et al. 1986 ) (see Fig. 5 ). Such entities are lacking in the BNYVV, WC1MV, PVX, and, possibly, BSMV genomes. In these cases the transport function can supposedly be performed by one or more of the above-mentioned triple block of proteins that are in the three viruses (see Fig. 2 ).
Discussion
To sum up, kindred genomic elements can be found in diverse and quite remote groups of plant viruses. Taking BSMV as a reference, for its tyrosine-accepting tRNA-like structure the related genomic elements are bromo-and cucumoviruses; for the conserved domains 1C and 2 of the putative RNA polymerases they are tobra-and tobamoviruses; for the triple gene block in RNA 2 they are furo-and potexviruses; for the coat-protein gene they are furo-, tobamo-, and tobraviruses. On the other hand, the PVX coat protein is akin to the potyvirus coat proteins. The last observation suggests that the different genes of the monopartite PVX genome are related to the genomic elements of dissimilar plant viruses, as is the case for the multipartite BSMV genome.
Recently, Mitler et al. (1988) have sequenced the monopartite RNA genome of barley yellow dwarf virus (BYDV--a type member of the spherical luteoviruses). The BYDV genome unexpectedly was found to code for the 50-kd protein similar to the BNYVV 54-kd protein--the read-through product of the coat protein gene (see Fig. 2 ). The other protein of BYDV (60kd) displays considerable similarity with the putative RNA polymerase of carnation mottle virus (CarMV) (Miller et al. 1988 ). However, the genome strategy of BYDV and the sequences of 8SMV  TRV  TMV  8NYVV  PVX  UCINV  TYMV   BSMV  TRV  TMV  BNYVV  PVX  MCIMV  TYMV   BSMV  TRV  THV  BNYVV 59 Fig. 7 . Amino acid sequence similarity within the cysteine-rich 16-kd protein of TRV (Cornelissen et al. 1986 ), the 17-kd protein of BSMV Gustafson et al. 1987 ) and the 14-kd protein of BNYVV (Bouzoubaa et al. 1986 ). The conservative cysteine and histidine residues are boxed. Gaps (-) indicate nonconserved spacing between conserved positions. The numbers within and in front of the sequence blocks are defined in Fig. 1 .
three-dimensional structure and in the amino acid sequences of the coat proteins of the members of picorna-and alphaviruses (Fuller and Argos 1987 )--groups markedly differing in genome structure and mode of expression and belonging to different supergroups of RNA-containing viruses. Similar resuits were obtained upon comparison of the coat proteins of picornaviruses and small spherical (+)RNA-containing plant viruses (Rossmann 1987) . Thus, every gene (or sometimes a block of genes) or noncoding regulatory genomic element (e.g., the tRNA-like structure) connotes its own scheme of evolutionary relations. This complicates elaboration of a universal system of (+)RNA-containing viruses reflecting their actual evolutionary links. Such a system can be envisaged no longer as a tree but rather as a more intricate structure, a kind of threedimensional network. It is only natural to suggest that such involved patterns may result from real processes of exchange and reassortment of genetic information among viruses. Recent studies also facilitate perception of the mechanism of this reassortment: it is recombination at the RNA level, most likely through copy-choice during replication. Such recombination has been determined for at least three groups of (+)RNA-containing viruses: picorna- (Kirkegaard and Baltimore 1986; Romanova et al. 1986 ), corona- (Makino et al. 1986) , and bromoviruses (Bujarsky and Kaesberg 1986). Especially demonstrative is the last example, describing an exchange of tRNA-like structures between different genomic RNAs or BMV. It is tempting to think that recombination under natural conditions also gave rise to the RNA of SHMV whose coding body carries the same genes as in other tobamoviruses, whereas the tRNA-like structure is similar to that of tymoviruses (Meshi et al. 1981) .
Findings of duplications and a deletion in the putative BSMV RNA polymerase gene (Dolja et al. 1983b; Afanasiev et al. 1986; Gustafson et al. 1987) indirectly point to the existence of a process involving copy-choice in this virus as well. Such events may produce new BSMV strains both in nature and under experimental conditions . The peculiar 3'-terminal tandem in BSMV RNAs 1-3 could itself have arisen from recombination between an RNA carrying a 3'-terminal tRNA-like structure (as in bromoviruses) and an RNA carrying a 3'-terminal poly(A) tail (as in PVX or BNYVV).
It can be supposed that the genome of RNAcontaining viruses is composed of discrete units that may differ in size from several dozen (noncoding regulatory sequences) to several thousand nucleotides (blocks of genes). The unit size may itself be determined by its function. At the same time, the location and environment of each unit may vary greatly.
Assuming that formation of viral RNA genomes involved reassortment of their elements, we come to the next question of what host cells exist wherein these genomes could meet. At present the answer can be speculative only. The two versions that seem the most plausible are: (1) viruses and host diverged concurrently, i.e., the common ancestors of their contemporary viruses infected the common ancestors of their contemporary hosts; (2) the host specificity of viruses and/or the specific susceptibility of their hosts is a later development than was the formation (establishment) of the viral RNA genome.
There appear to be some uncertainties in the interpretation of these phenomena. As suggested by Matthews (1985) : (1) "... the genomes of viruses with RNA involved in part or all of the genomic life cycle may consist of a mixture of highly conserved genes and genes with no base sequence homology due to the rapid rate of mutation in RNA. 9
(2) "Quite unrelated viruses that evolved independently might have developed amino acid homologies in those parts of the protein constrained to interact with some highly conserved host macromolecule or viral process for which there is only one structural solution."
There is another plausible cause of similarity among genomic elements of distantly related viruses, which is capture of similar sequences from the host cell. Although for coding viral sequences the examples are still scarce (except for retroviruses) and not always convincing, alleged acquisition of a poly(A) tail or a tRNA-like structure in just this manner could hardly be disputed. Entrapment and covalent attachment of cell tRNA has been described for Sindbis virus DI RNA (Monroe and Schlesinger 1983) . It is noteworthy that both animal and plant cell genomes (Sakamoto and Okada 1985; Benslimane et al. 1986 ) contain numerous transcribed sequences encoding not only tRNAs but also tRNA-like structures. The exchange of information between cell and viral RNAs through a copy-choice mechanism may be facilitated by the presence of endogenous RNA-dependent RNA polymerases in animal (Volloch 1986 ) and plant cells (FraenkelConrat 1983) .
By and large, analysis of genome structure of a number of elongated (+)RNA-containing plant viruses strongly supports the suggestion that shuffling of genomic elements among different viruses has occurred. As far as we know, such an idea was first mentioned by Haseloff et al. (1984) .
There are a number of convincing examples in favor ofreassortment between the genomes of RNAcontaining viruses differing in particle structure and mode ofgenome replication and expression. Recent findings that the products of cauliflower mosaic virus genes I and II are somewhat related to the proteins of several RNA-containing plant viruses (Hull et al. 1986; Domier et al. 1987 ) bring the DNAcontaining retroid viruses into the field of play as well. At least one example of amino acid sequence similarity exists between the coat proteins of singlestranded DNA-containing and RNA-containing viruses (Mohana Rao 1986). Thus, the overall impression is that among viruses the shuffling of genetic elements is rather a universal phenomenon.
